Excised shoots and cell-free extracts prepared from
supernatant solution, 1.0 ml of tris buffer, pH 7.7, 10 ptmoles each of MnCl,, MgCl,, and ATP, and 17 nmoles of MVA-2-'C in a total volume of 4 ml. The mixture was incubated for 1 hr at 30 C in a water bath shaker at 150 rpm.
Incubation of Excised Shoots With Radioactive Mevalonate. Shoots from cold-treated bulbs were excised in such a manner that the leaves and floral primordia remained attached to the basal plate tissue which was 2 mm thick. Ten shoots were floated in 10 ml of 0.1 M tris buffer, pH 7.7, containing 50 ,ug/ ml of chloramphenicol and 0.17 ,umole of MVA-2-"C in 125-ml Erlenmyer flasks and incubated for 6 hr at 30 C in a water bath shaker at 150 rpm.
Extraction of Radioactive Reaction Products. Three methods were used. In experiments to assay quantitatively incorporation of MVA-2-14C into neutral terpenes, the reaction was stopped by adding 4 ml of absolute ethanol and 0.5 ml of 50% KOH, and the mixture was slowly brought to a boil. After cooling, neutral lipids were extracted twice with 10 ml of hexane. The hexane was evaporated to dryness in vacuo at 60 C, and the residue was suspended in scintillation fluor for counting. The incubation and extraction procedures described above are hereafter referred to as the standard method of assay and extraction. In some experiments, hexane-extracted incubation mixtures were treated with 0.8 N HCI at 37 C for 1 hr and re-extracted with hexane to determine incorporation of radioactivity in the acid-hydrolyzable terpene fraction.
In experiments to determine the nature of the radioactive products biosynthesized from MVA-2-14C, incubations of cellfree extracts were terminated by adding 4 ml of acetone. The precipitate was separated by centrifugation and extracted twice with a total of 4 ml of acetone. The combined acetone extracts were added to the supernatants of the incubation mixtures and enough water added to make them 1:1, acetonewater. This mixture was extracted twice with a total volume of 15 ml of benzene. The combined organic extracts were evaporated with a stream of nitrogen to a small volume, which was transferred quantitatively to the origin of a thin layer plate.
At the termination of the experiments using excised shoots, the tissue was rinsed with distilled water to remove unreacted MVA from the surface, killed by placing in 30 ml of acetone and homogenized for 5 min in the acetone in a Lourdes mixer. Acetone homogenates were transferred to 250-ml Erlenmyer flasks with 25 ml of distilled water and extracted twice with a total of 50 ml of benzene. The organic extracts were reduced to 15 ml under vacuum at 37 C and subsequently evaporated under a stream of N. to a small volume which was quantitatively transferred to the origin of a thin layer plate or suspended in scintillation fluor. 
RESULTS
General Characteristics of Cell-free System. Both MVA-1-4C and MVA-2-14C were metabolized by iris extracts with radioactivity being recovered only as "4CO, when MVA-l-14C was the substrate and mainly as neutral terpenes when MVA-2-"`C was used (Fig. 1 ). There was, however, a small amount of 'CO2 released when MVA-2-VC was used as the substrate (Fig. 2) . This release of "CO, from MVA-2-VC was not detectable until after 30 to 60 min of incubation and using crude cell-free extracts the amount released was approximately 8% of that released when MVA-1-w"C was the substrate.
The release of "CO2 from MVA-1-"`C was immediate, while there was a lag of approximately 10 min before "C-neutral terpenes were detected as a result of incubation with MVA-2-"C (Fig. 1) . The total amount of radioactivity detected as 'CO, Plant Physiol. Vol. 52, 1973 from MVA-1-"C was higher than the radioactivity found in the neutral terpenes from MVA-2-"C. This can be explained by the fact that not all of the "C-products from MVA-2-4"C are neutral terpenes (Table I) Optimal incorporation of MVA-2-"C into neutral terpenes occurred at pH 7.7 using 0.1 M tris buffer and at pH 7.4 using 0.1 M phosphate (KH2PO4-KMHPO,) buffer. The maximum activity was slightly higher with tris than with phosphate buffer. Table I shows that there is a greater proportion of radioactivity in the acid hydrolyzable fraction with phosphate buffer at its optimal pH than with tris at its optimum.
The active enzymes for incorporation of MVA-2-"C into neutral terpenes remained in the soluble fraction after centrifugation at 104,000g for 60 min (data not presented). Results presented in Figure 2 show the influence of the crude and 104,000g supernatant fraction on the release of "CO2 from MVA-1-14C. With MVA-1-14C as the substrate, more "CO, was released from the supernatant fraction than from the crude fraction. When MVA-2-"C was used as the substrate, the results were reversed in that release of "CO, was greater with the crude fraction than with the high spin supernatant. Also the lag time before detection of 14CO2 from MVA-2-"C was decreased using the crude extract.
Products of the Cell-free System. Approximately 25% of the radioactivity incorporated into neutral terpenes co-chromatographed with squalene using TLC (five solvent systems) and gas-liquid chromatography (data not reported).
Standard assays were run, except that KOH was added to only one-half of the assays after incubation. Protein was precipitated by treating assay mixtures with trichloroacetic acid. The trichloroacetic acid precipitate and supernatant were extracted separately after + alkaline hydrolysis. Table II shows that a substantial amount of the radioactive products were associated with trichloroacetic acid precipitable protein and that treatment with KOH caused a partial release of the 14C-products associated with protein to the fraction extractable with ethyl ether. Extraction of the protein-"C-products complex with butanol resulted in all of the radioactivity being transferred to the butanol or acetone. Alkaline hydrolysis of the reaction products also gave rise to more polar substances. Results in Figure 3A show a nonsaponified acetone-benzene extract of the cell-free system. Squalene co-chromatographs with the peak at RF 0.77. The elution of the radioactive peak at RF 0.5 with benzene-acetone (1 :1) and treatment of the residue with 3% ethanolic KOH for 2 hr at 75 C resulted in a more polar "C-product at RF 0.06. (Fig. 3B) . Eluting the peak at RF 0.06 in benzene-acetone (1:1) and rechromatographed using reverse-phase TLC resulted in a scan shown in Figure 3C . Two main "4C-products co-chromatographed with geranylgeraniol and farnesol. Five other solvent systems using TLC techniques also indicated the presence of these two prenols. These data suggest that geranylgeraniol and farnesol, or their pyrophosphate derivatives, are in association with an unknown substance and that when associated, they are less polar than the freed alcohols after alkaline hydrolysis. Based on these results, extraction procedures for experiments on the nature of the products were modified as described under "Materials and Methods."
Digitonin precipitates were prepared from acetone-benzene extracts of the cell-free system using the procedure of Sperry and Webb (24) . Prior to digitonin precipitation, the extracts were treated with 3% ethanolic KOH for 2 hr at 75 C. These precipitates had little or no radioactivity (data not presented) even when 6.0 mm NAD and NADPH were present in the cell-free incubation medium. This indicated that free or esterified sterols are not products of MVA-2-"4C incorporation in the iris cell-free system.
Products of Excised Shoots. Both MVA-1-14C and MVA-2-'C were metabolized by excised iris shoot tissue with radioactivity being recovered only as 14CO, when MVA-1-14C was the substrate and only in neutral terpenes and an acid-hydrolyzable fraction when MVA-2-14C was used. Unlike the cellfree extracts there was no net 14CO, released when MVA-2-"C was used as the substrate. Metabolism of MVA-2-VC was less efficient in excised iris shoots than in cell-free extracts of these shoots. In excised shoots, 0.58 nmole of R-MVA-2-14C was incorporated into neutral terpenes/g fresh weight hr compared to 12.8 nmoles/g fresh weight-hr in the cell-free system. The addition of ATP or cations had no effect on the incorporation of MVA-2-14C by excised shoots (data not presented).
When acetone-benzene extracts obtained from excised iris shoots which had been incubated with MVA-2-1'C were chromatographed using hexane and scanned for radioactivity, results such as those shown in Figure 4A were obtained. The most mobile peak co-chromatographed with squalene. When the chromatogram was redeveloped in benzene, the radioactive scan shown in Figure 4B was obtained. Four peaks of radioactivity were apparent, and the most mobile again was cochromatographed with squalene. The peak at RF 0.6 approximated in mobility to the cell-free product peak at RF 0.5 (Fig.  3A) . To determine if this peak could be altered by alkaline hydrolysis as it was in the cell-free system, it was eluted, saponified, re-extracted by the methods described above and rechromatographed in benzene. Radioactive scans showed that the mobility of the peak had not been altered. This indicates that no or undetectable amounts of "4C-products were present similar to those found at RF 0.5 (Fig. 3A) in the cell-free system. No further attempts were made to identify this peak.
When digitonin precipitates were prepared (24) from acetone-benzene extracts obtained from iris shoots which had been incubated with MVA-2-14C, the results shown in Table III were obtained. About 10% of the radioactivity was digitonin precipitable with or without KOH hydrolysis. When each peak shown in Figure 4B was eluted individually and precipitated with digitonin, only the precipitate from the peak at RF 0.2 was radioactive. However, only about 35% of the radioactivity of that peak was precipitable with digitonin. The digitonin complex from this peak was split by heating the precipitate to 60 C in 3 ml of pyridine for 1 hr. When recovered radioactivity was thin layer chromatographed using 4% diethyl ether in methylene chloride or benzene-ethyl acetate (5:1), the radioactive peak was slightly more mobile than lanosterol. Likewise, the radioactivity in the supernatant remaining after digitonin precipitation of the peak from RF 0.2 in Figure 4B was very slightly more mobile than lanosterol in the same two solvents. This indicates that the digitonin precipitate and the remaining supernatant contained the same or very similar radioactive compounds. Sterols, such as lanosterol, that contain 4,4-dimethyl groupings are known to be only poorly precipitated by digitonin (13) .
The radioactive peak was eluted from RF zone 0 to 0.1 ( Fig.  4B) and chromatographed using reversed-phase thin layer plates developed in 70% methanol. A radioactive scan of this chromatogram showed two very small peaks, one at R, 0.1 and another at RF 0.8, but the majority of the activity was distributed throughout the chromatogram. This indicates that the majority of the activity in RF zone 0 to 0.1 was not associated with free terpene alcohols which are discreetly separated by this reversed-phase technique.
DISCUSSION
The iris cell-free system incorporated MVA-2-"`C into neutral terpenes at a high rate (12.8 nmoles R-MVA-2-."C/mg fresh weight-hr). It has been conclusively shown by others (3, 8, 10, 16 ) that terpene biosynthesis from MVA proceeds initially to isopentenyl-PP by step-wise addition of 3 ATP to MVA and the loss of the number one carbon of MVA as CO.
(hereafter referred to as the "normal" biosynthetic pathway). While the intermediates from MVA to isopentenyl-PP were not isolated nor identified in the present study, other data obtained indicated that the biosynthesis of terpenes in iris proceeded in this manner. The absolute requirement for ATP, the stimulation by Mn'+ and Mg2+, the kinetics of the "CCO. released from MVA-1-"C (Fig. 1) , the absence of a requirement for air and the release of hexane-soluble radioactivity as a result of acid hydrolysis (Table I ) and the inhibition of the incorporation of MVA-2-"C by 5.0 mm iodoacetamide (data not reported) all support this conclusion.
The amount of phosphorylated intermediates (acid-hydrolyzable fraction, Table I ) accumulated during incubation was increased by use of a phosphate as compared to a tris buffer. This effect is presumably the consequence of inhibition of phosphatase activity. High phosphatase activity has been found in other cell-free terpene biosynthesizing systems (5).
The rapid release of 'CO. from MVA-1-`C and the lack of radioactivity in the neutral terpene fraction when MVA-1-"C was used is expected if the biosynthesis of terpenes in the iris cell-free system is proceeding in the normal manner (22) . The release of`CO, from MVA-2-"C is known to occur in the biosynthesis of sterols (22) . However, digitonin precipitation of sterols from the iris cell-free system showed little or no radioactivity associated with sterols. Alternatively, the release of "CO. from MVA-2-"`C incubations may have been a catabolic disposal of certain intermediates. Popjak (21) and Christophe and Popjak (9) reported that "C terpene alcohols were converted to prenoic acids, especially when microsomes were present and that there was a net loss of 'C (presumably as "GCO) from incubations. These observations could account for the delayed release of "CO. from MVA-2-"C incubations of iris extracts and the greater "CO. release from the crude extract incubations as compared to the 104,000g supernatant incubations (Fig. 2) .
A large percentage of the radioactivity incorporated into neutral terpenes from mevalonate was associated with trichloroacetic acid precipitable proteins (Table II) . Similar results have been reported (5, 19) . This radioactivity could be in the form of covalently bound intermediates (17) or as a noncovalent association. Since butanol extracted 100% of the radioactivity from the protein, it appears that in the iris system the radioactive products are noncovalently bound to the protein (Table II) .
The main products of MVA-2-"4C incorporation by cell-free extracts of iris shoots were tentatively identified as squalene, farnesol, geranylgeraniol, and compounds that are converted to farnesol and geranylgeraniol after alkaline hydrolysis. These two alcohols were also tentatively identified in their free form, presumably the result of phosphatase hydrolysis of the corresponding pyrophosphate esters. Products similar to those found in vitro in this study as compounds converted to farnesol and geranylgeraniol after alkaline hydrolysis have not been described. However, formate, acetate, propionate, and butyrate esters of these alcohols commonly occur in the essential oils of many plants (26) . The presence of such esters would not be observed if incubations were terminated by addition of NaOH or KOH because such treatment would hydrolyze the ester bond to give the free 'C terpene alcohols. Such treatment may account for the lack of reports of these esters as products of cell-free systems.
While it is not known if these compounds that were converted to the two prenols in the iris cell-free system were esters, synthesis of esters of terpene alcohols could probably occur by esterification of the free alcohols in the presence of Mg+, ATP and CoA (12) of the iris cell-free extracts CoA and the appropriate enzymes might be expected to be present.
Squalene, which was tentatively identified as a product of the iris cell-free system, is a common product from MVA-2-'4C in cell-free systems of higher plants (4, 7, 13, 14) . Pyridine nucleotides were not required for squalene synthesis in the iris cell-free system; Graebe et al. (13) reported similar findings for extracts of Echinocystis macrocarpa embryos. These findings may be related to the relatively crude nature of the extracts which could contain sufficient levels of pyridine nucleotides to satisfy the usual requirement. Even though radioactive squalene was tentatively identified, MVA-2-"C was not incorporated into sterols in vitro.
Formation of geranylgeraniol from MVA in the cell-free system from iris shoots is of special interest, since geranylgeranyl pyrophosphate is considered a precursor of the gibberellins. However, no evidence for production of kaurene, the first unique precursor of gibberellins, was found. Biosynthesis of kaurene has been reported in cell-free systems from plant fruit and seed tissue but not shoot tissue (2, 13, 14) .
Products of MVA-2-54C incorporation by iris shoot tissue differed considerably from those of the iris cell-free extract.
Compounds that are converted to farnesol and geranylgeraniol by alkaline hydrolysis were not produced by excised shoots but squalene was produced. At least one 4,4-dimethylsterol of the lanosterol type was biosynthesized in excised shoots, but not in the cell-free system. Using gas-liquid chromatography and mass spectroscopy, Staby and De Hertogh (25) showed that campesterol, stigmasterol, and /3-sitosterol are constituents of iris shoots. In the present study, no evidence was found for biosynthesis of these 4,4-dimethylsterols by excised shoots.
The 4,4-dimethylsterols are common products of MVA-2-VC incorporation in plants and are thought to be intermediates of phytosterol biosynthesis (11) . Perhaps the 6-hr incubation time of the present study was not sufficient for accumulation of radioactive phytosterols which are farther along the biosynthetic pathway than 4,4-dimethylsterols in which radioactivity was detected.
The lack of products capable of being hydrolyzed to farnesol and geranylgeraniol by excised shoots may be due to the fact that free terpene alcohols did not accumulate to any extent in excised shoots. It is commonly believed that terpene alcohols are artifacts (13, 14) , although certain terpene alcohols have been shown to be precursors of higher terpenes (1) . The lack of net evolution of "CO2 from MVA-2-"C by excised iris shoots is to be expected, since only radioactive 4,4-dimethylsterols were detected. Decarboxylation of triterpene intermediates of phytosterol biosynthesis occurs subsequent to the formation of the 4, 4-dimethylsterols (11) . Since labeled terpene alcohols did not accumulate when excised shoots were fed MVA-2-"C, evolution of"CO20 from prenoic acids (9, 21) would not be expected.
Although this work demonstrates the biosynthesis of squalene and 4, 4-dimethylsterols in excised iris shoot tissue, there was no evidence of biosynthesis of kaurene, a unique precursor of gibberellins. It is known that kaurene accumulates in Podocarpus ferrugineus and P. spicatus leaves (6) and in some cellfree systems from fruits and seeds (2, 13, 14) .
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